We present measurements of biomolecular binding reactions, using a new type of integrated-optical biosensor based on a planar directional coupler structure.
The application of optical and integrated-optical techniques to the measurement of interactions between biological molecules and the detection of specific chemical and biochemical species is receiving increasing attention.'* Optical methods of transduction offer high sensitivity, and integrated-optical devices have the advantage of a compact structure combined with the potential for the detection of several analytes simultaneously through the fabrication of multiple devices on a single chip. Previously described integrated-optical chemical and biochemical sensors include those based on surface plasmon resonance3 and the Mach-Zehnder interferometer. 495 Here we describe the use of a new type of integrated-optical sensor capable of the detection of binding reactions occurring between biological molecules.
The binding measurement takes place in real time; i.e., the signal is monitored continuously and the change in signal is directly proportional to the amount of material that has bound to the sensor surface. The device is based on a planar waveguide directional coupler structure fabricated by ion exchange in a glass substrate.
This sensor has the advantage of multiple outputs, which gives improved signal-to-noise characteristics and offers the potential for simultaneous measurement of the real and the imaginary parts of the refractive index of an analyte. Figure 1 illustrates the configuration of the directional coupler sensor. Guides 1 and 2 are both single moded. The principle of operation relies on isolation of guide 2 from changes in the superstrate by the fluoropolymer overlayers.
Refractive-index changes in the superstrate then affect only guide 1, above which is a window in the isolation layers. Changes in the superstrate then cause a change in the difference in propagation constants, Ap = /31 -62, where 61 and 6s are the propagation constants of the modes in guides 1 and 2, respectively.
Assuming that the input power PO is into guide 1 and that the superstrate media are nonabsorbing, the output from guide 2 is given as
where L is the length of the device and K is the coupling coefficient, which expresses the strength of the coupling between the two guides and depends on the overlap between the two modal fields. 6 The power emerging from guide 1 is given by PI = PO -Ps. For A/3 = 0, complete power transfer is achieved when KL = 7~12, 3~12, ST/~, etc; values above 7~/2 correspond to light coupling fully between the guides more than once over the length L. However, the most rapid change of output with A6 occurs when KL = 7r/2. The maximum sensitivity is achieved at the point of maximum slope of the main peak of the power curve; the operating point of the device therefore should be near this position. The interaction length L should be as long as possible.
Control over the operating point in this design is achieved by variation of the width w2 and distance s; L is set at 10 mm.
The change in propagation constant of a waveguide with respect to changes in superstrate index is greater the more symmetric the guide is in the depth direction. For this reason a low-index glass, BGG31 (n = 1.4722 at 632.8 nm) was preferred as a substrate.
Because it is necessary for the isolation material above the waveguides to be of a lower index than that of the guides, Teflon AF 1600 fluoropolymer (n = 1.31 at 632.8 nm) (Ref. 7) was selected as the overlayer material.
Taking into account the above considerations, and using the ion-exchange characteristics for BGG31 glass (supplied by IOT, Waghausel-Kirrlach, Germany), we calculated parameters for a working device, using CAOS software. ' This software combines the effective index method with the beam propagation method to permit the analysis of graded-index waveguide profiles and has been found to model the behavior of directional coupler devices effectively.g For convenience, the wavelength of operation of the device was chosen as 632.8 nm. A Y junction was included in the device design to split the input signal and provide a reference to compensate for variations in input coupling (Fig. 1) .
The device used for the following measurements was fabricated by ion exchange in a 10% AgN03/NaN03 melt, giving a maximum index change as the glass surface (An) of 0.011. The ion-exchange time was 450 s, and the melt temperature was 310 "C. A photolithographically patterned titanium mask was used to define the waveguide structures.
The coupler dimensions were WI = 3 pm, w2 = 3.1 pm, and s = 7.2 pm.
Following mask removal, a 700-nm layer of Teflon AF was thermally evaporated" and patterned by a lift-off technique to open windows of dimensions 150 pm x 10 mm over the sensing waveguides.
It was found subsequently that a further protective layer over the Teflon Al? was necessary because of this material's high permeability.
Therefore 200 nm of the denser material Teflon FEP was evaporated on top of the Teflon AF and the combined layers patterned during the same lift-off step.
A wall-jet flow cell was fixed on the sensor surface and a flow-injection system used to deliver accurate quantities of solutions to the cell. TE-polarized light from a He-Ne laser was end-fire coupled into the device, and the three outputs (including reference) were focused by a microscope objective onto three photodiode detectors and measured simultaneously by lock-in amplification.
The ratios of the two coupler outputs to the reference signal were taken. A single test cycle consisted of a rapid injection of solution, followed by a 5-min dwell period to permit incubation, and finally a washing step.
Preliminary device characterization was carried out by the use of sucrose solutions of differing concentrations to vary the superstrate index. The refractive indices of all solutions were measured with an Abbe refractometer at 589nm. Figure 2 shows the measured response of the coupler relative to the superstrate index. It is evident that 100% coupling is not achieved for this device, indicating that the interaction length L in this case is not exactly equal to the coupling length at synchronism (Ap = 0). Nevertheless the device, although it is not ideal, shows a sensitive response to changes in superstrate index; the minimum detectable change in superstrate index for the present device is estimated as 5 X 10e5. With further optimization of design parameters the sensitivity of this sensor is expected to become comparable with that of more established integrated-optical devices (e.g., a minimum detectable bulk refractive-index change of 4 x 1O-6 is quoted for the Mach-Zehnder device described in Ref. 5) .
To demonstrate the detection of biochemical binding reactions with this device, we selected a system that uses the high-affinity interaction between the vitamin biotin and the protein streptavidin.
The reagents used were 40 pg/mL of biotinylated thermally denatured bovine serum albumin (BSA) and 40 pg/mL of polystreptabidin in 0.1-M phosphate buffered saline solution, pH 7.5. The refractive indices of the sample buffer solutions (n = 1.3365 for both) were somewhat different from that of the phosphate buffered saline solution running buffer (n = 1.335, pH 7.51, which leads to an initial rapid change in signal (bulk effect) before binding takes place. This effect is lost when the sample is washed out with the running buffer; any change in baseline is then due entirely to the presence of bound material on the sensor surface. Figure 3 illustrates the process of forming biomolecular layers upon the sensor surface.
The thicknesses of the BSA and polystreptavidin layers are estimated to be 3 and 6 nm, respectively.".
Initially, a 20-min incubation with BSA solution was carried out to establish the first layer upon the glass surface.
No special treatment of the surface before the experiment was necessary.
Following this first step, 5-min incubations with, alternately, polystreptavidin and BSA were applied. Significant changes in baseline values were observed with the addition of each layer, indicating that material was binding to the surface and that layers were being built up. Binding characteristics improved after the addition of the first few layers, as better surface coverage was achieved.
Figure 4(a) shows sequential test cycles for the addition of the tenth layer (polystreptavidin) and the eleventh layer (BSA).
We conveniently display the overall response by taking the difference between the m h A p2
. . The w two outputs (PI -Ps) as shown in Fig. 4(b) ; this figure also shows the sum of the two outputs, the constant value of which indicates that the biolayers introduce no significant signal absorption. Figure 5 shows the response of the device for the complete sequence of biolayers. The response is represented by the difference signal level following each washing step.
In conclusion, we have demonstrated the real-time detection of the binding of biomolecules, using a new type of integrated-optical biosensor.
The sensor shows sufficient sensitivity for the detection of a wide variety of biomolecular interactions in aqueous solution.
A further significant and novel feature of the sensor is its utilization of low-index, patterned fluoropolymer overlayers that have considerable potential for application in a wide variety of integrated-optical devices. With the use of appropriate reagents the sensor can be targeted at the detection of specific substances.
It is planned to use this device in portable instrumentation for the measurement of low concentrations of organic pollutants in groundwater; biosensor techniques for this purpose offer a simple test cycle and a significant reduction in measurement time over conventional analytical techniques.12 Another aspect of the sensor that is currently being investigated is its ability to monitor refractive-index and optical absorption changes simultaneously.
